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HepaCAM-PIK3CA acxis regulates the reprogramming of
glutamine metabolism to inhibit prostate cancer cell proliferation

ZHENTING HE'", YINGYING GAOZ*, TING LI', CHAOWEN YU3, LIPING OU' and CHUNLI LUO!

1Key Laboratory of Clinical Laboratory Diagnostics (Ministry of Education), School of Laboratory Medicine,

Chongqing Medical University, Chongqing 400016; 2Department of Laboratory Diagnosis, People's Hospital of

Chongqing Banan District, Chongqing 401320; 3Center for Clinical Molecular Medicine,
Children's Hospital of Chongqing Medical University, Chongqing 400014, PR. China

Received August 20, 2021; Accepted February 9, 2022

DOI: 10.3892/1j0.2022.5327

Abstract. Energy metabolism reprogramming is becoming
an increasingly important hallmark of cancer. Specifically,
cancers tend to undergo metabolic reprogramming to upregu-
late a cell-dependent glutamine (Gln) metabolism. Notably,
hepatocellular cell adhesion molecule (HepaCAM) has been
previously reported to serve a key role as a tumour suppressor.
However, the possible regulatory role of HepaCAM in
GIn metabolism in prostate cancer (PCa) remains poorly
understood. In the present study, bioinformatics analysis
predicted a significant negative correlation among the expres-
sion of HepaCAM, phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit o (PIK3CA), glutaminase (GLS)
and solute carrier family 1 member 5 (SLCI1AS), compo-
nents of Gln metabolism, in clinical and genomic datasets.
Immunohistochemistry results verified a negative correla-
tion between HepaCAM and PIK3CA expression in PCa
tissues. Subsequently, liquid chromatography-tandem mass
spectrometry (LC-MS/MS) and gas chromatography-mass
spectrometry (GC-MS) assays were performed, and the results
revealed markedly reduced levels of Gln and metabolic flux
in the blood samples of patients with PCa and in PCa cells.
Mechanistically, overexpression of HepaCAM inhibited Gln
metabolism and proliferation by regulating PIK3CA in PCa
cells. In addition, Gln metabolism was discovered to be
stress-resistant in PCa cells, since the expression levels of GLS
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and SLC1AS5 remained high for a period of time after Gln star-
vation. However, overexpression of HepaCAM reversed this
resistance to some extent. Additionally, alpelisib, a specific
inhibitor of PIK3CA, effectively potentiated the inhibitory
effects of HepaCAM overexpression on Gln metabolism and
cell proliferation through mass spectrometry and CCK-8
experiments. In addition, the inhibitory effect of PIK3CA on
the growth of tumor tissue in nude mice was also confirmed
by immunohistochemistry in vivo. To conclude, the results
from the present study revealed an abnormal Gln metabolic
profile in the blood samples of patients with PCa, suggesting
that it can be applied as a clinical diagnostic tool for PCa.
Additionally, a key role of the HepaCAM/PIK3CA axis in
regulating Gln metabolism, cell proliferation and tumour
growth was identified. The combination of alpelisib treatment
with the upregulation of HepaCAM expression may serve as a
novel method for treating patients with PCa.

Introduction

Prostate cancer (PCa) is one of the most prevalent urological
malignancies, with the second-highest rate of cancer-asso-
ciated mortality among the male population in Western
countries (1). Over the past decade, with the rapid growth
of an aging population in China, the incidence, morbidity
pattern and mortality rates of PCa have all been increasing
on an annual basis. Notably, the majority of patients with PCa
develop incurable disease due to advanced regional disease
and/or distant metastasis (2).

Cancer cells exhibit the ability to survive and proliferate
even under unfavourable conditions, such as nutrient-poor
environments (3). Previous reports have demonstrated that
energy metabolism reprogramming, which potentiates cell
proliferation by adjusting energy metabolism, is an emerging
hallmark of cancer (4,5). In particular, metabolic repro-
gramming towards glutamine (Gln) and cell-dependent Gln
metabolic activity have both been found to be increased in
a variety of cancers and this is a common metabolic altera-
tion in cancers, where the importance of Gln as a nutrient is
considered second only to glucose (5). Gln is one of the most
abundant free amino acids and can regulate ATP production,
macromolecular synthesis and signal transmission in cancer



2 HE et al: REGULATION OF Gln METABOLISM IN PROSTATE CANCER

cells by donating its nitrogen and carbon atoms (6). In general,
Gln is imported into the cell through specific transporters, such
as solute carrier family 1 member 5 (SLC1AS; also known as
ASCT?2). Gln metabolism begins with its conversion to gluta-
mate (Glu), in a process catalysed by glutaminase (GLS), with
type I glutaminase (GLS1) as the dominant isoform expressed
in humans (7,8). Additional studies have revealed a close rela-
tionship between Gln metabolism and PCa, such that Gln has
been proposed to be a potential marker for the diagnosis or
treatment of PCa (9-12).

Hepatocellular cell adhesion molecule (HepaCAM) is a
novel type of immunoglobulin (Ig) cell adhesion molecule that
has shown tumour suppressor-like characteristics and was first
isolated from the human liver (13). Under physiological condi-
tions, HepaCAM is expressed at high levels in normal tissues
and cells (14). However, the expression of HepaCAM was
previously found to be downregulated or even lost in several
tumour tissues and cells, including PCa (13-15). In addition,
HepaCAM expression has been negatively associated with the
proliferation, invasion and the Warburg effect in malignancies
of the urinary system, including bladder cancer and renal cell
carcinoma (16-19). Overexpression of HepaCAM has also been
found to inhibit the proliferation and invasion of PCa cells (20),
However, the possible regulatory mechanism of HepaCAM in
regards to Gln metabolism in PCa remains poorly understood.

Previous reports have found the PI3K signalling pathway
to be one of the most frequently dysregulated pathways
in cancer (21-24). Phosphatidylinositol-4,5-bisphosphate
3-kinase catalytic subunit o (PIK3CA) is one of the most
common oncogenes which encodes the p110a catalytic subunit
of PI3K (25). PIK3CA can be constitutively activated by two
main different mechanisms, namely activating mutation and
amplification (26). Accumulating evidence has revealed that
PIK3CA is associated with Gln metabolism reprogramming
in numerous types of cancers (27-30). Consequently, PIK3CA
may also be a key regulatory target for reprogramming Gln
metabolism in PCa.

The present study explored the possible role of HepaCAM
in Gln metabolism in PCa, in addition to attempting the iden-
tification of the potential relationship between HepaCAM and
PIK3CA expression. It was hypothesized that the overexpres-
sion of HepaCAM can inhibit Gln metabolism reprogramming
and PCa cell proliferation by regulating PIK3CA.

Materials and methods

Bioinformatics analysis. A total of 19 PCa datasets
(source link: https://www.cbioportal.org/study/summary?id
=prad_mich%?2Cprad_su2c_2019%2Cprad_su2c_2015%2C

prad_mcspc_mskec_2020%2Cprad_broad_2013%2Cprad _
broad%2Cprad_cpcg_2017%2Cprad_cdk12_mskcc_2020%
2Cprad_mskcc%2Cprad_p1000%2Cprad_eururol_2017%
2Cprad_tcga_pan_can_atlas_2018%2Cprad_mskcc_chenyl _
organoids_ 2014%2Cprad_mskcc_2017%2Cprad_
msk_2019%2Cprad_tcga_pub%2Cprad_tcga%2Cprostate_
dkfz_2018%2Cmpcproject_broad_2021), including
The Cancer Genome Atlas, TCGA (https://
www.cancer.gov/about-nci/organization/ccg/research/struc-
tural-genomics/tcga) were downloaded from the cBioPortal
(https://www.cbioportal.org). Intotal, 7 datasets had HepaCAM

structural variation, mutation or copy number variation (CNA)
data, with 2,093 cases (94.19%) belonging to PCa. In addition,
19 datasets had PIK3CA structural variation, mutation or CNA
data, including 6,671 (95.5%) cases of PCa (including castra-
tion-resistant PCa and prostate neuroendocrine carcinoma)
and 324 cases (4.5%) of a normal group (N). The present study
was conducted in accordanc with the Declaration of Helsinki
(as revised in 2013).

Blood and tissue samples. Between 2016 and 2018, tissue spec-
imens were collected from 17 patients (age range, 53-86 years;
mean age, 70) with benign prostatic hyperplasia (BPH) and 44
patients (age range, 55-91 years; mean age, 71) with PCa. In
addition, blood specimens were collected from 43 individuals
containing normal samples and 66 patients with PCa from 2018
to 2019. All patients were recruited from the Department of
Urology, The First Affiliated Hospital of Chongqing Medical
University (Chongqing China). All samples were verified by a
pathologist, who histologically diagnosed the samples as either
BPH or PCa. The present study was approved by the Ethics
Committee of Chongqing University. All patients provided
written informed consent prior to specimen acquisition.

Immunohistochemistry. All samples involved in the
experiment, including human PCa and BPH specimens, were
cut into paraffin sections. Detection of HepaCAM and PIK3CA
expression in PCa and BPH tissue samples was performed
using the THC staining procedure as described previously (31).
The primary antibodies used were as follows: anti-HepaCAM
(cat. no. MAB4108; 1:150; ProteinTech Group, Inc.) and
anti-PIK3CA (cat. no. 4249T; 1:200; Cell Signaling Technology,
Inc.). Tissues underwent fixation with 4% paraformaldehyde,
were embedded in paraffin and then subjected to standard
dewaxing and rehydration. The sections were incubated in citric
acid buffer (pH 6.0) for 15 min for antigen retrieval, followed by
incubation for 10 min with 3% H,0, solution to inactivate endog-
enous enzymatic activity. The sections were then incubated with
anti-HepaCAM antibody and anti-PIK3CA antibody for 1 h at
25°C followed by Elivision Plus Polyer HRP (mouse/rabbit)
immunohistochemistry kit (cat. no. KIT-9903; 1:1,000; Maxim
Biotech, Inc.) for 30 min at 20°C. The results of HepaCAM and
PIK3CA expression in PCa and BPH tissue samples was anal-
ysed according to a previously described procedure (31).

Cell culture and treatment. Prostate cell lines PC3
(cat. no. ZQ0041), LNCaP (cat. no. ZQ0039) and RWPE-1
(cat. no. ZQO0351) were obtained from Shanghai ZhongQiao
XinZhou Biotechnology Co., Ltd. RWPE-1 cells were cultured
with Keratinocyte-SFM medium (cat. no. 10744-019; Gibco;
Thermo Fisher Scientific, Inc.), whereas cancer cell lines
PC3 and LNCaP cells were cultured with RPMI-1640 media
(Gibco; Thermo Fisher Scientific, Inc.) supplemented with
10% FBS (Gibco; Thermo Fisher Scientific, Inc.) and 100 U/ml
penicillin/streptomycin (Beyotime Institute of Biotechnology).
All cells were cultured in a 37°C incubator containing 5% CO,
and 1% O, with 45-65% humidity. Adenoviruses encoding
HepaCAM (Ad-HepaCAM) were stored at -80°C and amplified
in 293A cells. The viral fluid was obtained after the repeated
freezing and thawing of the 293A cells. The prostate cancer
cells were transfected with either Ad-HepaCAM or Ad-GFP,
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respectively. Cells (1x10%/well) were seeded into 6-well plates
and incubated with 2 ml complete medium for 12 h, before
being transfected with adenoviruses and/or alpelisib (8 uM,
24 h; MedChemExpress, USA). After 24 or 72 h of incubation,
subsequent experiments were performed.

Gln deprivation experiments. After the cells had completely
attached to the culture dish, the RPMI-1640 medium was
removed and PC3 and LNCaP cells were washed once with
PBS. GIn-free medium was prepared using RPMI-1640 devoid
of Gln (cat. no. A14431; Thermo Fisher Scientific, Inc.) but
other nutrients were retained at the same concentrations as
those in the standard complete RPMI-1640 media. Complete
RPMI-1640 medium was prepared by supplementing with
2 mM L-GIn (Beijing Solarbio Science & Technology Co.,
Ltd.). All media were supplemented with 10% dialyzed FBS
(Gemini Bio Products) and 100 U/ml penicillin/streptomycin.
All cells were cultured in a 37°C incubator containing 5%
CO, and 1% O, with 45-65% humidity. The incubation time
depended on the experimental requirements (24-72 h).

Reverse transcription-quantitative polymerase chain reac-
tion (RT-gPCR). RNA was extracted from RWPE-1, PC3 and
LNCaP cells using TRIzol (Thermo Fisher Scientific, Inc.),
and PrimeScript RT reagent kits (Takara Bio, Inc.) were used
to reverse transcribe the RNA. Real-time PCR was performed
with the SYBR Premix Ex Taq™ II kit (cat. no. RR820A;
TaKaRa, Inc.). Notably, f-actin was used as the standard
reference. The thermocycling conditions for gPCR were as
follows: initial denaturation at 95°C for 3 min; followed by
40 cycles of 95°C for 10 sec, 60°C for 20 sec and 72°C for
20 sec; and final extension at 72°C for 5 min. The comparative
2-44C4 method was used to calculate the relative expression
level of mRNA (32). Each experiment was repeated =3 times.
The primer sequences (5'-3") used were as follows: HepaCAM
forward, TGTACAGCTGCATGGTGGAGA and reverse, TCT
GGTTTCAGGCGGTCATCA; PIK3CA forward, CCACGAC
CATCATCAGGTGAA and reverse, CCTCACGGAGGCATT
CTAAAGT; GLS forward, TACTGAGCCCTGAAGC and
reverse, TCCAGAGGAGGAGACC; SLCIAS forward, GAG
CTGCTTATCCGCTTCTTC and reverse, GGGGCGTAC
CACATGATCC; Cyclin DI forward, GCTGGAGCCCGT
GAAAAAGA and reverse, CTCCGCCTCTGGCATTTTG;
proliferating cell nuclear antigen (PCNA) forward, TCAAGA
AGGTGTTGGAGGCA and reverse, CAGCGGTAGGTG
TCGAAGC and f-actin forward, TGACGTGGACATCCG
CAAAG and reverse, CTGGAAGGTGGACAGCGAGG.

Western blotting. Total proteins were extracted by RIPA buffer
(cat. no. 9806; Cell Signaling Technology, Inc.) containing
the protease inhibitor phenyl methane sulfonyl fluoride and
phosphatase inhibitors (33,34). Nuclear and plasma proteins
were extracted using the nuclear and cytoplasmic protein
extraction reagent (Beyotime Institute of Biotechnology). The
BCA kit (Beyotime Institute of Biotechnology) was used to
measure protein concentration. SDS-PAGE (10% gel) was
used for protein separation (50 ug). The following antibodies
were used: anti-HepaCAM (cat. no. 18177-1-AP; 1:1,000;
ProteinTech Group, Inc.), anti-PIK3CA (cat. no. 4249T,;
1:1,000; Cell Signaling Technology, Inc.), anti-AKT1

(cat. no. abs131788; 1:1,000; Absin Bioscience, Inc.),
anti-phosphorylated (p-)AKT1 (Ser473; cat. no. abs130002;
1:1,000; Absin Bioscience, Inc.), anti-p-AKT1 (Thr308;
cat. no. abs130889; 1:1,000; Absin Bioscience, Inc.), anti-GLS1
(cat. no. 56750; 1:1,000, Cell Signaling Technology, Inc.),
anti-SLC1AS5 (cat. no. 20350-1-AP; 1:3,000; ProteinTech
Group, Inc.), anti-cyclin D1 (cat. no. 55506; 1:500, Cell
Signaling Technology, Inc.), anti-PCNA (cat. no. 13110;
1:500; Cell Signaling Technology, Inc.), anti-f-actin
(cat. no. 20536-1-AP, 1:5,000; ProteinTech Group, Inc.), and
HRP-conjugated anti-rabbit-IgGk binding protein secondary
antibody (cat. no. ab205718; 1:5,000; Abcam). Enhanced
Chemiluminescence Detection Kit was utilized for the visual-
ization of protein bands (Suzhou New Saimei Biotechnology
Co., Ltd.).

Cell Counting Kit-8 (CCK-8) assay. PC3 and LNCaP cells
(3x10%/well) were firstcultured in 96-well plates overnight before
being transfected/treated with Ad-HepaCAM/-Gln/alpelisib
or control. After 0, 24, 48 or 72 h, 10 ul CCK-8 reagent
(cat. no. 354550 Shanghai Univ Biotechnology Co., Ltd.) was
added and incubated for 1-4 h at 37°C. Finally, absorbance in
each well was measured at 450 nm. A total of four wells were
used for each treatment group per experiment.

Colony formation assay. PC3 and LNCaP cells (500/well)
following blank treatment and administration of Ad-GFP or
Ad-HepaCAM were added into 6-well plates and cultured in
a 37°C incubator containing 5% CO, and 1% O, with 45-65%
humidity. for 7-14 days. The cells were then fixed with meth-
anol for 2 min and stained with 0.5% crystal violet for 10 min
at room temperature and photographed for cell counting. The
images of each well were scanned using an Epson scanner
GT-X970 (Seiko Epson Corp.), and the colonies were counted
using ImageJ 1.52v software (National Institutes of Health).
Each treatment group used three wells per experiment and
each experiment was repeated three times independently.

Flow cytometry. PC3 and LNCaP cells were transferred
into 6-well plates overnight and transfected/treated with
Ad-HepaCAM or alpelisib. After 72 h, the cells were washed
two to three times with PBS, before being digested using
0.25% trypsin, washed twice again with PBS and transferred
into Eppendorf tubes. The cells were counted and 1x10 cells
were resuspended with 100 ul PBS before 500 ul cooled 75%
ethanol was added after centrifugation. Cell cycle distribution
was detected using the CytoFLEX Flow Cytometer (Beckman
Coulter, Inc.) and the results were analysed using ModFitLT 5
software (Verity Software House, Inc.).

Immunofluorescence. PC3 and LNCaP cells (3x10%) were
cultured on coverslips in 24-well plates following adminis-
tration of Ad-HepaCAM or/and alpelisib, and then the cells
were incubated for 72 h. The cells were then fixed with 4%
paraformaldehyde, 0.1-1% Triton X-100 and 5% goat blocking
serum in sequence as previously described (35). Primary anti-
bodies against anti-Ki67 (cat. no. ab197234; 1:100, Abcam),
secondary antibodies and 4,6-diamidino-2-pheny-lindole
(Zhongshan Golden Bridge Biotechnology, Ltd.; OriGene
Technologies, Inc.) were used for incubation with the cells.
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Fluorescence images were captured using a confocal laser
scanning microscope (Nikon Corp.) at x400 magnification.
The Ki-67-positive index was analysed by Image J (v4.6.2,
National Institutes of Health).

Liquid chromatography-tandem mass spectrometry
(LC-MS/MS) and gas chromatography-mass spectrometry
(GC-MS) assay. The trypsin-digested PC3 and LNCaP cells
(>1x107) from the different treatment groups were collected,
before the supernatant was discarded after centrifugation. Cells
were washed three times with PBS before being fully disrupted
using a sonicator (16,000 x g). Finally, pre-cooled methanol was
added for fixation. After fixation, the lysed cells were suspended
on a dried blood spot (DBS) to be sufficiently saturated. Fresh
blood samples from different patients were collected, prepared
in a DBS format on a filter paper and stored at 4°C. MS/MS
analysis was achieved using a QTRAP triple quadrupole mass
spectrometer (AB SCIEX 3200; AB SCIEX, USA) coupled to a
LC system (Shimadziu 20ADXR; Shimadziu).

Approximately 20 ul of working solution was directly
injected for analysis without prior chromatographic separa-
tion. A mixed liquor (acetonitrile:H,0=1:1) containing 0.05%
FA was used as the mobile phase. The mass spectrometer was
equipped with an electrospray ionization (ESI) and operated
in the positive ion mode to monitor the m/z transitions for all
peptides and IS. For each peptide, two multiple reaction moni-
torings (MRMs) were simultaneously monitored. A scheduled
MRM acquisition method was constructed using manually
optimized declustering potentials (DP), collision energies
(CE), collision cell entrance (CEP) and exit potentials (CXP).
All chromatograms were analysed with Analyst 1.5 software
(AB SCIEX, USA) using internal standards, and the peak-area
ratios were applied for further calculations (36).

Xenograft model in vivo. A total of 10 male nude mice (4 weeks
of age; body weight, 10-15 g) were purchased from the Shanghai
SLAC Laboratory Animal Co., Ltd. All rats were housed at
23-25°C with 50-60% humidity, 12-h light/dark cycle and food
and water ad libitum. The present study was performed in accor-
dance with the Animal Research Advisory Committee (ARAC)
Guidelines (https://oacu.oir.nih.gov/animal-research-advi-
sory-committee-guidelines) and was approved by the Ethics
Committee of Chongqing Medical University (Chongqing,
China). A prostate cancer xenograft model was established
by the subcutaneous injection of LNCaP cells into the right
flank of 10 mice (5x10° cell per mouse). These nude mice were
then randomly divided into a dosing group and control group.
Alpelisib was dissolved in 0.5% sodium carboxyl methyl cellu-
lose (CMC-NA). Alpelisib (12.5 mg/kg) was administered daily
through an oral gavage for 5 consecutive days, and then 1 day
off and the above process was repeated once. The same amount
of 0.5% CMC-NA was given by intragastric administration to
the control group. Tumour size was assessed every day. After
4 weeks, the 10 mice were sacrificed by CO, euthanasia. The
criteria for determining the end point of this animal experiment
were as follows: i) the animal was dying or unable to move, or
had no response after giving gentle stimulation; ii) difficulty
breathing, with typical symptoms being salivation and/or
cyanosis in the mouth and nose; iii) diarrhea or urinary incon-
tinence; iv) the body weight was reduced by 20% of the body

weight during the experiment; v) inability to eat or drink; vi) the
animal was showing clear signs of anxiety, irritability; vii) the
weight of the tumour reached >10% of the animal's own body
weight; viii) animal skin damage area accounted for >30% of the
whole body; and ix) or infection and suppuration occurred. CO,
euthanasia was performed using a CO, delivery system according
to the ARAC guide (https://oir.nih.gov/sourcebook/commit-
tees-advisory-ddir/animal-research-advisory-committee-arac)
for the experimental procedure. The mouse was first placed
in the box full of air before the box was filled with a volume
of 2 liters CO, to a volume of 10 liters at a constant rate (the
volume displacement rate of CO, was 60% vol/min). Each mouse
was checked for the lack of breathing and constriction of pupil
size. After the breathing halted, the CO, flow was maintained
for 1 min and the mouse was removed from the euthanasia box.
Death was verified by the cessation of heartbeat and breathing, in
addition to the reflexes disappearing. Tumour tissues were then
isolated for comparing the size and weight before IHC experi-
ments were performed. Tumour volume was calculated using the
formula V=m/6 x L x W, where V was the volume and L was
the length and W was the width. The maximum volume and the
maximum diameter of a single tumour presented in the present
study were 764.5 mm? and 12.1 mm, respectively.

Statistical analysis. SPSS (version 24.0; IBM Corp.) and
GraphPad Prism (version 5; GraphPad Software, Inc.)
were used for statistical analysis. Data are presented as the
mean + SD. All experiments were repeated at least three
times. Comparisons between two groups, other than compari-
sons between tumour and adjacent non-tumour samples,
were analysed using the unpaired Student's t-test. A paired
Student's t-test was used to compare HepaCAM and PIK3CA
expression levels between tumour and adjacent non-tumour
samples. Survival curves were assessed using log-rank tests.
Comparisons among multiple groups were analysed using
one-way ANOVA followed by Tukey's post hoc test. The ¥ test
was used to analyse the relationship between HepaCAM and
PIK3CA expression or the concentration of GIln/Glu and each
of the clinical parameters. The correlation between HepaCAM
and PIK3CA expression in the tissue samples was evaluated
using Spearman's rank correlation coefficient. P<0.05 was
considered to indicate a statistically significant difference.

Results

Bioinformatics prediction of the correlation among
HepaCAM, PIK3CA and Gln metabolism in clinical and
genomic datasets. In a preliminary experiment, a correlation
between the expression of HepaCAM and GLS was found in
PCa cells, but the possibility of direct action was ruled out.
The selection of PIK3CA for the present study was based on
preliminary bioinformatics analysis, where protein interaction
analysis in the STRING protein database found a possibility of
protein interaction between HepaCAM and PIK3CA. In addi-
tion, previous studies have found that the overexpression of
HepaCAM was able to inhibit the expression of c-Myc (37,38),
which is an important regulatory target of SLC1AS (39).
Under these premises, the correlation among these compo-
nents aforementioned was assessed through bioinformatics
analysis. Comparative analysis of the different datasets in the
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Figure 1. The correlation and difference between HepaCAM, PIK3CA, and glutamine metabolism-related molecules from the Bio-databases.
(A and B) Variation types and proportion of HepaCAM and PIK3CA genes in different PCa datasets from the cBioportal. (C-E) RNA-seq mRNA expression
data from GEO database (GSE21032) was used to compare the correlation of HepaCAM with PIK3CA, GLS and SLC1AS in PCa tumors. (F and G) Overall
survival curves of PCa patients according to HepaCAM and PIK3CA mRNA levels in TCGA. HepaCAM, hepatocellular cell adhesion molecule; PIK3CA,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a; GLS, glutaminase; SLCIAS, solute carrier family 1 member 5. To note: the link to the 19

PCa datasets is provided in the Bioinformatics analysis section.

cBioportal database revealed little to no HepaCAM expression
in the majority of cancer types tested (Fig. 1A). Furthermore,
the main alteration in PIK3CA expression in PCa was found
to be amplification (Fig. 1B), while mutation was the major

form of alteration in other solid tumours (40,41). Additionally,
the co-expression analysis of genes in the databases found
that the mRNA expression levels of HepaCAM exhibited a
negative correlation with those of PIK3CA and components
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Table I. Glutamine/glutamate concentrations and clinicopathological parameters of the PCa patients.

Glutamine (Gln) (zmol/l) Glutamate (Glu) (zmol/l)

Median=9.766 Median=66.613

No. of
Characteristics specimens (%) <9.766 =9.766 P-value <66.613 >66.613 P-value
Histology
Normal 43 0 43 0.001 41 2 0.001
PCa 66 47 (71) 19 (29) 13 (20) 53 (80)
Age (years)
<60 9 (14) 4 (6) 5(8) 0.056 1(2) 8 (12) 0.486
=60 57 (86) 43 (65) 14 (21) 12 (18) 45 (68)
PSA (ug/l)
Median=20.67
<20.67 31 (47) 25 (38) 6(9) 0.233 4 (6) 27 (41) 0.192
>20.67 35 (53) 22 (33) 13 (20) 9(14) 26 (39)
Gleason score of PCa
<6 19 (29) 10 (15) 9(14) 5(8) 14 (21)
7 23 (35) 15 (23) 8 (12) 0.014 4 (6) 19 (29) 0.690
=8 24 (36) 22 (33) 2(3) 4 (6) 20 (30)

Mann-Whitney test for 2 independent variables; Chi-square test for trend for the number of rows or columns >2. Numbers in bold font indicate
statistical significance (P<0.05). PCa, prostate cancer; PSA, prostate-specific antigen.

Table II. HepaCAM and PIK3CA in PCa tissues and clinicopathological parameters.

HepaCAM staining PIK3CA staining
No. of
Characteristics specimens (%) Positive Negative P-value Positive Negative P-value
Total 44 (100) 15 (34) 29 (66) 38 (86) 6 (14)
Age (year)
<60 16 (36) 7 (16) 4 (20) 0.307 13 (29) 3(7) 0.052
=60 28 (64) 8 (18) 20 (46) 25 (57) 3(7)
Histological stage
Ta-T2 29 (66) 10 (23) 19 (43) 0.939 27 (61) 2(5) 0.07
T3-T4 15 (34) 5(11) 10 (23) 11 (25) 409
Gleason score
<6 10 (23) 8 (18) 2(5) 6 (14) 409
7 16 (36) 7 (16) 9 (20) 0.001 15 (34) 1(2) 0.022
=8 18 (41) 0 (0) 18 (41) 17 (38) 1(3)

Mann-Whitney test for 2 independent variables; Chi-square test for trend for the number of rows or columns >2. Numbers in bold font
indicate statistical significance (P<0.05). HepaCAM, hepatocellular cell adhesion molecule; PCa, prostate cancer; PIK3CA, phosphatidylino-
sitol-4,5-bisphosphate 3-kinase catalytic subunit a.

associated with Gln metabolism, GLS and SLCIAS5 (P<0.05;
Fig. 1C-E). Survival analyses of the datasets found that the
patients whose samples possessed lower expression levels of
HepaCAM displayed poorer overall survival (P<0.01; Fig. 1F),
whereas the survival trend for PIK3CA expression was oppo-
site (P<0.05; Fig. 1G).

Abnormal levels of Gln in blood samples and PCa cell lines.
Blood samples were collected from 66 patients with PCa
and 43 normal individuals for the detection of amino acid
concentrations by LC-MS/MS and GC-MS testing. Among the
15 common amino acids detected, only the levels of Gln and
arginine (Arg) in the blood samples of patients with PCa were
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Figure 2. The significant difference in glutamine (Gln)/glutamate (Glu) levels in blood specimens or cells and HepaCAM and PIK3CA expression in tissues
specimen. (A) Multiple common amino acid concentrations in different blood samples tested by mass spectrometry and analysed by Mann-Whitney test.
“P<0.05, “P<0.01, “"P<0.001; ns, not significant comparing PCa vs. normal (Norm) specimens. (B) Comparison of the ratio of Glu to Gln between PCa and
normal samples. ““P<0.001 vs. normal specimens. (C and D) Difference in the concentration of Glu and Gln between prostate cancer cell lines PC3 and
LNCaP and normal epithelial RWPE-1 cells. "P<0.05, “"P<0.01, “*P<0.001. (E-H) Representative hematoxylin and eosin (H&E) staining and IHC staining
for HepaCAM and PIK3CA in PCa and BPH samples, Magnification, x200. (I and J) Staining scores of HepaCAM and PIK3CA expression in BPH and PCa
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cellular cell adhesion molecule; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a.

significantly lower compared with those in the samples from  among all other amino acids tested, where the main metabolic
the normal individuals (P<0.05; Fig. 2A; Table I). In addition, flow was towards the synthesis of glutamic acid (P<0.001;
the concentration of Gln exhibited the most striking difference  Fig. 2A and B; Table I).
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Figure 3. Overexpression of HepaCAM inhibits the expression of PIK3CA and glutamine metabolism or proliferation related molecules in PCa.
(A and B) Expression of HepaCAM and PIK3CA in RWPE-1, PC3 and LNCaP cells was detected by (A) RT-qPCR and (B) western blot analysis. "P<0.05,
“P<0.01, and ""P<0.001 compared with the RWPE-1 cells. (C-E) Overexpression of HepaCAM adenovirus and corresponding changes in PIK3CA at the
(C) mRNA and (D and E) protein levels was verified in PC3 and LNCaP cells. (F-H) mRNA and protein levels of GLS, SLCIAS, cyclin DI and PCNA
in cells were detected by qPCR and western blot analysis after infection with adenoviral Ad-HepaCAM. [-actin was used as internal controls. Data are
represented as mean = SD of 3 individual experiments. “P<0.01 and ““P<0.001 vs. blank control. HepaCAM, hepatocellular cell adhesion molecule; PIK3CA,
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On a cellular level, the Gln levels in RWPE-1 cells was  towards synthesizing Glu (P<0.001; Fig. 2D). Additionally,
significantly higher compared with that in LNCaP and PC3  high levels of Gln in PCa were found to be significantly asso-
cells (P<0.01; Fig. 2C), where the metabolic flux was alsobiased  ciated with the Gleason score (Table I). These results suggest
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Figure 4. Overexpression of HepaCAM inhibits glutamine metabolism reprogramming and proliferation in PCa cells. (A) Colony formation assay and
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that metabolic changes in Gln occurred in patients with PCa,
which indicated the potential clinical significance of using Gln
as a marker for clinical PCa screening.

High negative correlation between HepaCAM and PIK3CA
expression in clinical PCa samples. The expression levels of
HepaCAM and PIK3CA in 17 BPH and 44 PCa tissue samples
were measured using IHC staining. The results showed that the
positive expression rate of HepaCAM reached 34.09% (15/44)
among the PCa samples, compared with 76.47% (13/17) in the
BPH samples (Fig. 2I). In addition, the positive expression
rate of PIK3CA was 86.36% (38/44) in PCa compared with
64.71% (11/17) in the BPH samples (Fig. 2J). Subsequently,
HepaCAM and PIK3CA expression were found to be
significantly correlated with the Gleason grade (Fig. 2E-H;
Table II). Semi-quantitative staining scores revealed signifi-
cantly decreased HepaCAM expression (P<0.05; Fig. 2I) and
significantly increased PIK3CA expression (P<0.01; Fig. 2J)
in the PCa tissues compared with those in the BPH tissues.
Spearman's correlation analysis calculated that the expression

P<0.001 vs. controls. HepaCAM, hepatocellular cell adhesion molecule; PCa, prostate cancer; Gln, glutamine; Glu, glutamate.

of HepaCAM was negatively correlated with that of PIK3CA
(P<0.0001; Fig. 2K).

Overexpression of HepaCAM inhibits the expression of
PIK3CA in PCa cells. The expression of HepaCAM and
PIK3CA in normal prostate epithelial cells (RWPE-1)
compared with PCa cell lines PC3 and LNCaP were next
compared in vitro. As shown in Fig. 3A and B, both mRNA
and protein expression levels of HepaCAM in the cancer cell
lines were significantly lower compared with those in the
RWPE-1 cells, while the expression levels of PIK3CA were
significantly higher in the cancer cell lines (P<0.05). To ulti-
mately establish the role of HepaCAM in Gln metabolism and
proliferation in the PCa cells, Ad-HepaCAM was first trans-
fected into the PC3 and LNCaP cells. The results revealed
significantly increased expression levels of HepaCAM in the
PC3 and LNCaP cells in the Ad-HepaCAM group compared
with those in the Ad-GFP group at both the mRNA and
protein levels (P<0.001; Fig. 3C-E). In addition, the expression
of PIK3CA in both PC3 and LNCaP cells was significantly
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Figure 5. Overexpression of HepaCAM reverses stress resistance to reprogramming of glutamine metabolism in PCa cells. (A) mRNA expression levels of
PIK3CA, GLS and SLC1A35 were measured at different time points after Gln deprivation by RT-gPCR. “P<0.01, and ““P<0.001 vs. 0 h. (B) RT-qPCR detec-
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(C and D) Western blot analysis and quantification of the protein expression of the molecules mentioned in (B). B-actin were used as internal controls. Data

are represented as mean = SD of three individual experiments. "P<0.05, “P<0.01, and

sk

P<0.001; ns, not significant. HepaCAM, hepatocellular cell adhesion

molecule; PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit o; GLS, glutaminase; SLC1AS, solute carrier family 1 member 5; PCNA,

proliferating cell nuclear antigen.

downregulated by the overexpression of HepaCAM (P<0.01;
Fig. 3C-E).

Overexpression of HepaCAM inhibits Gln metabolism repro-
gramming and proliferation in PCa cells. Subsequently, the
present study next investigated whether overexpression of
HepaCAM can mediate an impact on Gln metabolism repro-
gramming and PCa cell proliferation. The results revealed
that compared with that in the blank and Ad-GFP groups, the
expression in PC3 and LNCaP cells of Gln metabolism compo-
nents GLS and SLCIAS in addition to cyclin D1 and PCNA,
proteins associated with proliferation, were significantly
reduced in the Ad-HepaCAM group at the mRNA and protein

levels (P<0.05; Fig. 3F-H). Consistently, the results showed that
the overexpression of HepaCAM also significantly inhibited
the proliferation of PCa cells according to colony formation
and CCK-8 assays compared with those in the Ad-GFP group
(P<0.05; Fig. 4A-C). MS analysis in PCa cells revealed that
Gln (Fig. 4D) levels in the Ad-HepaCAM group were higher
compared with those in the Ad-GFP group, while the levels of
Glu were lower (Fig. 4E), rendering the ratio of Glu/Gln to be
lower as a result of the overexpression of HepaCAM (Fig. 4F).
This suggest that Gln metabolism reprogramming was inhib-
ited. These results suggest that HepaCAM overexpression can

inhibit Gln metabolism reprogramming and proliferation in
PCa cells.
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Figure 6. HepaCAM suppresses expression of glutamine metabolism-related and proliferation-related molecules by modulating PIK3CA. (A) CCK-8 assay was
used to detect the toxicity of different concentrations of alpelisib (0, 4, 8, 12 and 16 M) on PC3 cells. (B) Western blot analysis was used to assess the inhibi-
tory effect on PIK3CA expression with the concentrations of alpelisib used in A. (C and D) Western blot analysis was used to detect and analyse the protein
expression of PIK3CA, p-AKT1(Ser473/Thr308), AKT1, GLS1, SLC1AS after Gln deprivation or/and alpelisib treatment in PC3 and LNCaP cells (8 M,
24 h). (E and F) Western blot analysis was used to detect and analyse the protein expression of HepaCAM, cyclin D1, PCNA and the molecules mentioned
in C after Gln deprivation for 24, then treatment with Ad-HepaCAM or/and alpelisib for 72 h. $-actin was used as internal controls. Data are represented
as mean = SD of three individual experiments. ‘P<0.05, “P<0.01, and ““P<0.001 vs. controls. HepaCAM, hepatocellular cell adhesion molecule; PIK3CA,
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a; GLS, glutaminase; SLC1AS, solute carrier family 1 member 5; PCNA, proliferating cell
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Stress resistance by Gln metabolism can be reversed by  cancer cells have the capacity to adapt to the conditions to
HepaCAM overexpression. Despite the clear inhibitory  promote survival and sustain proliferative functions (42).
effects on cell proliferation incurred by limited Gln levels, Measuring the expression of enzymes associated with
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Figure 7. (A-C) Alpelisib significantly suppressed xenograft tumour grow in vivo. (D) IHC staining for the expression of PIK3CA and Ki67 in tumour tissue in

the alpelisib group and matched group. Magnification, x100. PIK3CA, phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a.

metabolism revealed that the expression of PIK3CA, GLS
and SLCIAS were significantly upregulated immediately
after Gln deprivation for 24 h (P<0.05; Fig. 5A). Next, to
explore the effects of HepaCAM on this positive response to
nutrient starvation in PCa cells, particularly to Gln depletion,
Ad-HepaCAM transfection was combined with Gln depriva-
tion for 24 h alongside the corresponding control groups.
RT-qPCR and western blotting analyses found that the
overexpression of HepaCAM could reverse the upregulation
of PIK3CA, GLS and SLC1A5 expression after Gln depriva-
tion. Simultaneously, HepaCAM overexpression was found
to significantly reduce the expression of proliferation-asso-
ciated proteins cyclin D1 and PCNA (P<0.05; Fig. 5B-D).
These results suggest that the overexpression of HepaCAM
can reverse the metabolic stress resistance of PCa cells after
Gln deprivation.

Stress resistance of Gln metabolism is mediated by PIK3CA.
To ascertain whether the stress resistance demonstrated by
Gln metabolism in PCa cells in response to a poor nutritional
environment is associated with PIK3CA, alpelisib was used
to suppress and inhibit PIK3CA expression. The minimum
inhibitory concentration of cell viability exerted by alpelisib
(8 puM) was first determined using CCK-8 assay (P<0.05;
Fig. 6A), while the trend of dose-independent inhibition was
demonstrated according to western blotting results (P<0.05;
Fig. 6B). It was subsequently discovered that the stress
resistance of Gln metabolism in PCa cells was reversed after
PIK3CA expression was inhibited by alpelisib under Gln
deprivation (P<0.05; Fig. 6C and D). To verify the direct poten-
tiating effects of PIK3CA on maintaining the stress resistance
of Gln metabolism in vivo, LNCaP cells were subcutaneous
injected into nude mice. In total, five mice were subcutane-
ously injected with alpelisib before the extent of tumour

ok

P<0.001 vs. controls.

growth was measured over time. Alpelisib in the dosing group
was found to significantly inhibit the growth and reduce the
weight of xenograft tumours compared with those in the
control group (P<0.001; Fig. 7A-C). In addition, the expres-
sion levels of PIK3CA and Ki-67 in the tumour tissues of mice
were suppressed by alpelisib (Fig. 7D). In conclusion, these
results suggest that PIK3CA can mediate the stress resistance
of Gln metabolism in PCa cells.

HepaCAM can suppress Gln metabolism reprogramming and
cell proliferation of PCa by inhibiting PIK3CA expression.
The present study next examined whether HepaCAM can
regulate Gln metabolism reprogramming in PCa by regulating
PIK3CA expression. To evaluate this hypothesis, Gln-deprived
cells were treated with alpelisib and/or transfected with
Ad-HepaCAM. The results demonstrated that the levels of
PIK3CA protein expression and its downstream effector
p-AKT1 (Serd73/Thr308), Gln metabolism components GLS1
and SLCI1AS, proliferation-associated molecules cyclin D1
and PCNA were all significantly lower in the Ad-HepaCAM or
alpelisib groups compared with those in their corresponding
control groups. In particular, the inhibitory effects mediated
by HepaCAM overexpression combined with alpelisib treat-
ment were the most potent (P<0.05; Fig. 6E and F). In addition,
suppression of PIK3CA expression did not exert any signifi-
cant effects on HepaCAM expression (Fig. 6E and F).

Next, CCK-8 assays were performed to detect the
sensitivity of PC3 and LNCaP cells to alpelisib after
Ad-HepaCAM transfection. The data revealed that alpelisib
sensitivity was significantly increased in both cell lines
after the overexpression of HepaCAM compared with that
in the Ad-GFP group (P<0.05, Fig. 8A). Furthermore, the
results showed that the positive expression index of Ki-67, a
marker of cancer cell proliferation activity, was significantly
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Figure 8. HepaCAM regulates glutamine metabolism reprogramming and cell proliferation of PCa by modulating PIK3CA. (A) IC;, values of alpelisib in PC3
and LNCaP cells were measured by CCK-8 assay in Ad-GFP or Ad-HepaCAM groups (450 nm, 72 h). (B) Ki-67 nuclear expression and (C) positive index in
PC3 and LNCaP cells were detected by IF after the treatment of Ad-HepaCAM or/and alpelisib. ‘P<0.05, “P<0.01, and ““P<0.001. (D) Flow cytometry detected
cell cycle distribution after cells were cultured with Ad-HepaCAM or/and alpelisib, and (E) statistical analysis. Data are represented as mean + SD of three
individual experiments. HepaCAM, hepatocellular cell adhesion molecule; PCa, prostate cancer; ICs,, half maximal inhibitory concentration.

lower compared with that in the Ad-GFP group following
Ad-HepaCAM transfection and/or alpelisib, where the
effects exerted by the combination of both treatments were
also satisfactory (P<0.05; Fig. 8B and C). Flow cytometry
assay revealed that the proportion of cells in the S phase was
increased after transfection with Ad-HepaCAM and alpelisib
(Fig. 8D and E). By contrast, MS results revealed that the
combination of alpelisib and HepaCAM overexpression
increased the concentration of Gln further in the PCa cells
while suppressing its conversion to Glu (P<0.05; Fig. 4D-F).
These results suggest that HepaCAM overexpression can
inhibit GIln metabolic reprogramming in PCa cells through

PIK3CA to reverse their stress resistance, which in turn
inhibits cell proliferation and tumour growth.

Discussion

In addition to essential sugars and fatty acids, glutamine (Gln)
is another important source of nutrients that can accelerate the
mitochondrial Kreb's cycle, in a process known as glutami-
nolysis, which involves the catabolism of Gln into glutamate
(Glu), which is then metabolized into a-ketoglutarate to
support ATP production by feeding into the Kreb's cycle (5).
In certain cases, cancer cells can reprogram themselves to
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© GIn(Glutamine)
O Glu(Glutamate)
O o-KG(u-ketoglutarate)

Figure 9. The mechanism of HepaCAM in regards to the inhibition of glutamine metabolism of PCa. HepaCAM inhibits glutamine metabolism-related
molecules GLS1, SLC1AS5 expression by PIK3CA signalling and reduces transportation and decomposition of glutamine, thereby inhibiting the proliferation
driven by the tricarboxylic acid cycle (TCA) cycle. HepaCAM, hepatocellular cell adhesion molecule; PCa, prostate cancer; PIK3CA, phosphatidylino-
sitol-4,5-bisphosphate 3-kinase catalytic subunit a; GLS, glutaminase; SLC1AS, solute carrier family 1 member 5.

become dependent on certain metabolic pathways, activities
or processes, such that the cell adopts a type of oncogenic
addiction, in a phenomenon known as ‘metabolic reprogram-
ming’ (6). Importantly, this type of metabolic reprogramming
can be tissue-specific, and in context, downstream of both
genetic and environmental factors, such that it can present
vulnerabilities that can be therapeutically exploited (43,44).
Therefore, the present study compared the levels of various
amino acids in the blood samples of normal individuals and
patients with prostate cancer (PCa). Gln levels exhibited one
of the most sensitive and significant differences, which was in
turn correlated with the Gleason score based on the clinical
parameters of the patients. In addition, through the detection
and analysis of the levels of Gln and metabolic flux in the
blood samples and PCa cells, it was found that GIn metabolism
reprogramming was also common among patients with PCa.
Therefore, it was hypothesized that Gln levels have potential
as a type of auxiliary diagnostic marker for PCa in a clinical
setting.

Previous studies reported that hepatocellular cell adhesion
molecule (HepaCAM) can serve a significant role in tumour
cell proliferation, apoptosis, migration and invasion, since
its expression is typically absent in cancer tissues (19,45). In
addition, previous reports have found that mutation in phos-
phatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit a
(PIK3CA) can activate PI3K/AKT signalling downstream to
induce alterations in Gln metabolism in tumour cells (29). In
the present study, bioinformatics analyses of various databases
were performed to predict the correlation in the expression
levels between HepaCAM and PIK3CA. These data revealed
that PIK3CA and that of glutaminase (GLS) and as solute

carrier family 1 member 5 (SLC1AS5), components of Gln
metabolism, are expressed at high levels in PCa tissues, all
of which in turn correspond to poorer prognoses. In addition,
a negative correlation was found between HepaCAM and
PIK3CA expression in PCa tissues as determined by IHC.
Subsequently, HepaCAM and PIK3CA expression were found
to be significantly correlated with the Gleason grade, which
implies the different prognoses associated with their expres-
sion levels in PCa tissues. Therefore, these findings suggest
that HepaCAM can regulate GIn metabolic reprogramming in
PCa by regulating PIK3CA expression.

At present, the most extensively studied metabolic alteration
in cancer cells is their high reliance on glycolysis even under
sufficient oxygen supply to sustain oxidative phosphorylation in
the mitochondria, in a process known as the Warburg effect (19).
The rapid ATP production as a result of this glycolytic upregu-
lation is considered to potentiate the proliferation of cancer
cells (46). However, it has been previously reported that the cata-
bolic and anabolic roles of both glucose and Gln can cooperate
in promoting tumour growth (47). A previous study found that
HepaCAM can inhibit the Warburg effect in renal cell carcinoma
cells (19). Therefore, it could be hypothesized that HepaCAM can
inhibit Gln metabolism reprogramming in PCa. In the present
study, the mRNA and protein expression levels of HepaCAM
and PIK3CA in normal prostate epithelial cells RWPE-1 and
prostate cancer cell lines PC3 and LNCaP were next assessed.
After the induced overexpression of HepaCAM in the cells lines,
the expression of PIK3CA and Gln metabolism components
GLS and SLC1AS5, in addition to tumour proliferation-associated
molecules PCNA and cyclin D1, were all reduced. These results
suggest that the loss of HepaCAM expression in tumours may
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promote dysfunctions in Gln metabolism, promote cell prolifera-
tion and tumour development.

Subsequently, the results from the present study revealed
stress resistance or a compensatory effect in Gln metabolism in
PCa cells following Gln starvation. GLS and SLCIAS expres-
sion were temporarily increased in the short-term after Gln
deprivation in cell culture conditions, which may be a potential
cause of the ineffectiveness of Gln starvation in PCa. On this
basis, HepaCAM was overexpressed, which eliminated this
stress compensation effect. In addition, the inhibitory effects of
HepaCAM combined with Gln deprivation on tumour prolif-
eration were significantly more potent compared with those
mediated by either treatment alone. Although this compensatory
response has been previously reported in cervical cancer tissues,
a previous study found this effect after treatment with inhibitors
of GLSI1 (48). In addition, another previous study discovered that
arginine can participate in the mediation of this type of compen-
sation (49). Since abnormal arginine levels were also found in
the blood samples of patients with PCa in the present study, the
possibility of other signalling pathways mediating this type of
stress compensation apart from HepaCAM cannot be ruled out.

The present study then explored the effects of HepaCAM
on GIln metabolism reprogramming of PCa. As one of the
catalytic subunits of classical PI3K, PIK3CA serves a key
role in activating the PI3K/AKT signalling pathway (25). A
number of studies have previously found that PIK3CA has a
high frequency of mutations in tumours (40,41,50). Through
bioinformatics analysis, it was found that PIK3CA primarily
serves a facilitating role in PCa pathophysiology, where it
was frequently found to be activated by amplification. This
suggests that this form of PIK3CA activation is tissue-specific.
Subsequently, higher PIK3CA expression levels were also
found in PCa tissues compared with those in the adjacent
normal tissues, where they in turn were correlated inversely
and significantly with those of HepaCAM. Alpelisib is a
specific inhibitor of PIK3CA (51). The present study found
that inhibition of PIK3CA expression by alpelisib significantly
reversed the stress resistance of PCa cells to Gln deprivation,
supporting the possible effects of PIK3CA in this phenom-
enon. After the PCa cells deprived of Gln for 24 h were treated
with alpelisib and transfected with Ad-HepaCAM at the same
time, the phosphorylation of AKT, the expression of Gln
metabolism-associated and proliferation-associated proteins
were all reduced. In addition, the suppression of PIK3CA
exerted no significant impact on HepaCAM expression. These
observations suggest that HepaCAM can strengthen the inhi-
bition of Gln metabolic reprogramming and proliferation in
PCa by reversing stress resistance through inhibiting PIK3CA
expression. However, the present study did not assess the possi-
bility of a direct interaction between HepaCAM and PIK3CA
at the protein level. Instead, the protein structure database
STRING was used to predict protein interaction, showing
that HepaCAM may bind to PIK3CA directly. However, this
requires further experimental verification.

Alpelisib is a PIK3CA inhibitor that has demonstrated
antitumor activity in several types of cancer, including breast
cancer (52) and epithelial ovarian cancer (53). In addition, it
has been previously applied in clinical trials for the treatment
of multiple tumours. Results from the present study suggest
that it exerts significant inhibitory effects on PIK3CA in PCa

cells in a dose-dependent manner. Although HepaCAM was
shown to inhibit Gln metabolism reprogramming and prolifer-
ation in PCa, the addition of alpelisib was able to significantly
potentiate the inhibition caused by HepaCAM overexpression.
Although a specific agonist of HepaCAM has not yet been
successfully developed, the use of PIK3CA inhibitors to block
tumour growth and cell proliferation appear to more likely
result in greater clinical significance, which provides a valu-
able reference for the clinical treatment of PCa.

The present study has a number of limitations. Although
the mRNA expression data of HepaCAM in the bioinformatics
analysis is the relative expression value obtained after stan-
dardization according to the FPKM algorithm, the abundance
value of HepaCAM expression in the TCGA PCa datasets
were relatively low, which could have caused a certain degree
of interference in the follow-up IHC experimental conclusions.

In summary, the present study uncovered abnormal
Gln concentrations, which may be exploited as a potential
indicator for the diagnosis of PCa. In addition, to the best
of our knowledge, the present study was the first to discover
that the HepaCAM/PIK3CA axis may be implicated in Gln
metabolism reprogramming and PCa proliferation (Fig. 9).
Mechanistically, HepaCAM overexpression reversed the
stress resistance shown by Gln metabolism by downregu-
lating PIK3CA expression. Importantly, the combination of
PIK3CA inhibitor and overexpression of HepaCAM was able
to effectively inhibit Gln metabolism reprogramming and PCa
proliferation, thereby providing a certain clinical value for the
treatment of PCa.
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